Using dynamic [ISF]fluorodeoxyglucose (FDG) positron emission tomography with a high-reso lution, seven-slice positron camera, the kinetic constants of the original three-compartment model of Sokoloff and co-workers (1977) were determined in 43 distinct topo graphic brain regions of seven healthy male volunteers aged 28-38 years. Regional averages of the cerebral met abolic rate for glucose (CMRg1u) were calculated both from individually fitted rate constants (CMRg1ukinetic) and from activity maps recorded 30-40 min after FDG injection, employing a four-parameter operational equa tion with standard rate constants from the literature (CMRg1Uautoradiographic). Metabolic rates and kinetic constants varied significantly among regions and sub jects, but not between hemispheres. kl ranged between 0.0485 ± 0.00778 min -I in the oval center and 0.0990 ± 0.01347 min -I in the primary visual cortex. k2 ranged from 0.1198 ± 0.01533 min-I in the temporal white matter to 0.1472 ± 0.01817 min -I in the cerebellar den tate nucleus. k3 was lowest (0.0386 ± 0.01482 min -I) in temporal white matter and highest (0.0823 ± 0.02552 min -I) in the caudate nucleus. Maximum likelihood cluster analysis revealed four homogeneous groups of Advanced multislice equipment for positron emission tomography (PET) with improved spatial resolution permits the determination of isotope con centrations in rather small brain regions. U sing the [ 18 F]-2-fluoro-2-deoxY-D-glucose (FDG) method, the cerebral metabolic rate for glucose (CMRg1u) can be estimated (Reivich et aI., 1979) in distinct anatom-Address correspondence and reprint requests to Dr. Heis s at Max-Planck-Institut flir Neurologische Forschung, Ostmer heimer Str. 200, D-5000 Koln 91 (Merheim), ER.G. Abbreviations used: CMRg1u, cerebral metabolic rate for glu cose; CT, computerized tomography; FDG, [18Fl-2-fluoro-2-deoxY-D-glucose; FWHM, full width at half-maximum; PET, positron emission tomography.
brain regions according to their respective kinetic con stants: (1) white matter and mixed brainstem structures;
(2) cerebellar gray matter and hippocampal formations;
(3) basal ganglia and frontolateral and primary visual cortex; and (4) other cerebral cortex and thalamus. Across the entire brain, kl and k2 were positively corre lated (r = 0.79); kl and k3 showed some correlation (r = 0.59); but no significant linear association was found be tween k2 and k3. A strong correlation with CMRg1u could be demonstrated for kl (r = 0.88) and k3 (r = 0.90), but k2 was loosely correlated (r = 0.56). CMRg1U kinetic ranged from 17.0 ± 2.45 ILmol/lOO g/min in the occipital white matter to 41.1 ± 5.62 ILmolllOO g/min in the fron tolateral cortex. In most regions the mean values of CMRg1U kinetic did not differ significantly from CMRg1u autoradiographic. With few exceptions, however, within region variance was significantly less for CMRg1u kinetic than for CMR � lu autoradiographic, suggesting greater in dividual reliability of results obtained by the kinetic ap proach. Key Words: Cluster analysis-Dynamic positron emission tomography-[IsF] -2 -Fluoro -2 -deoxy -D -glu cose-Normal values-Regional cerebral glucose me tabolism-Regional rate constants.
ical structures of the central nervous system. Those computations commonly have been based on a stan dard lumped constant and on rate constants deter mined in healthy volunteers for gray and white matter regardless of regional variability. It is to be expected, though, that differences in the cytoarchi tecture and function of cortex, basal ganglia, cere bellum, and brainstem are paralleled by differences in the kinetic constants for transport and metabo lism characteristic of the respective structures. Therefore, estimates of metabolic rates obtained with standard rate constants derived mainly from cortical tissue and the oval center may be substan tially biased, especially in deeper brain regions. AI-though the lumped constant has not been measured regionally in humans, the error caused by em ploying inappropriate standard rate constants can be minimized. It was the purpose of this study to determine individual kinetic constants in small brain regions of healthy volunteers by dynamic scanning to derive least biased estimates of CMR glu for various parts of the central nervous system.
METHODS

Subjects
The study was performed on seven healthy male med ical doctors aged 28-38 years, who were familiar with the examination procedure and showed only minimal ten sion, apprehension, or excitement. Volunteers were com fortably placed on a reclining chair in a room with low ambient light and noise, eyes closed and ears unplugged.
Approximately 15 min before starting the examination, short catheters were inserted into one cubital vein for injection and into a vein of the contralateral hand that was subsequently kept in a thermostat-controlled water bath at 44°C for blood sampling as described by Phelps et al. (1979) . Subjects were instructed to relax and not to move or speak during the study. All stayed awake and their plasma glucose levels, averaging 5.4 ::!: 0.48 mmoll L, remained stable throughout the examination.
Materials and scanning procedure FDG of a specific activity of 10-20 mCi (370-740 MBq)/mg at the time of injection was synthesized ac cording to the method of Ido et al. (1977) using a remote controlled synthesis system (Barrio et aI. , 1981; Fowler et aI. , 1981) . Radiochemical purity, as assessed by thin layer chromatography, was >95%, the impurity being partly hydrolyzed protected glucopyranosylfluoride. Each subject received a rapid intravenous bolus injection of -5 mCi FDG in 5 ml sterile, pyrogenfree, normal saline solution, and recording was started immediately. Seven equally spaced parallel planes, centered from the cantho meatal line up to 81 mm above it, were simultaneously scanned for 40 min at consecutive intervals, gradually increasing from 1 to 5 min, using a four-ring positron camera (Scanditronix PC 384) with a spatial resolution of -8 mm full width at half-maximum (FWHM) in 11-mm slices (Eriksson et aI. , 1982) . This procedure yielded dy namic information on tracer accumulation in virtually all major structures of the brain. During the last run, 35-40 min after FDG injection, the number of coincidence counts from the largest scanned slice was> 1 ,300,000 in all cases. Data from the tomographic device and from a sample changer used for plasma counting" as well as plasma glucose values determined in duplicate by a stan dard enzymatic method, were stored in the memory of a VAX 111780 (DEC) computer for later processing.
Image processing
The spatial activity distribution in the scanned slices was reconstructed employing: (1) an edge-finding algo rithm to determine the skull contour for attenuation cor rection (Bergstrom et aI. , 1982) ; (2) a deconvolution for subtraction of scattered radiation (Bergstrom et al. , 1983) ; and (3) a filtered backprojection algorithm. This resulted in a 128 x 128 matrix that was displayed as an interpolated 256 x 256 pixel image. Activities measured in tissue and in plasma were corrected for decay and ad justed by cross-calibration of the respective counters.
On each tomographic image an average of 15 regions of interest was outlined, representing distinct anatomical structures according to standard neuroanatomical and computerized tomography (CT) atlases (Matsui and Hirano, 1978) and individual X-ray CT scans. Cortical regions were largely contiguous, but great care was taken to keep the bias caused by partial volume effect at the borders between white and gray matter, or cerebrospinal fluid space, at a minimum. Larger topographic units were formed by lumping matching regions of interest from dif ferent slices. The model equation described by Sokoloff et al. (1977) was fitted to the time-activity data sequen tially sampled within each of those regions, utilizing an advanced system for fast function minimization (James and Roos, 1976) . In this fit procedure, only the tomo graphic information obtained after the third minute, i.e. , after plasma concentration had dropped below tissue level (see Fig. 2 ), was used to exclude influences of bolus shape. In view of the small proportion of intracerebral vascular volume and the comparatively low plasma FDG concentration after the fourth minute, background ac tivity in the tissue was considered negligible. Because measuring time was restricted to 40 min after FDG injec tion, no attempt was made to determine the dephosphor ylation rate constant, k4 (Phelps et aI. , 1979) . In addition to the dynamic approach, regional activities recorded 30-40 min after FDG injection were used to compute meta bolic rates (CMRgJu autoradiographic) according to the in vivo autoradiographic method employing a four-param eter operational equation with standard rate constants (Phelps et aI. , 1979) .
Mathematical model
The Sokoloff model assumes three distinct compart ments: FDG in plasma, tissue pool of free FDG, and FDG-6-phosphate trapped in the tissue. The temporal dis tribution of the regional tissue activity of 18F, C�, and the plasma FDG concentration as a function of time, C;, are related by the rate constants k J ' k2' and k3, describing the kinetics of regional FDG turnover:
In this operational equation the individual rate constants represent the transport of FDG from plasma to brain tissue (k1), back from tissue to plasma (k2), and FDG phosphorylation in the tissue (k3)' Once the regional set of kinetic constants is known, the corresponding meta bolic rate for glucose can be calculated according to
where Cp denotes plasma glucose concentration. In the present series an estimated average value of 0.42 (Huang et aI. , 1980) was used for the lumped constant, LC, to correct for differences in the behavior of glucose and FDG with respect to transport and phosphorylation.
Statistical analysis
Reported averages represent the arithmetic mean :i:: SD or, when indicated, the coefficient of variation. Rate constants as well as metabolic rates in all topographic regions, consisting of up to five contiguous regions of interest from various slices, were compared by means of factorial analyses of variance with regard to differences between corresponding regions on either hemisphere, among subjects and regions, and between methods of de terming CMRg1u' Relative variance components were es timated following standard procedures applicable to mixed models, and tests of significance were performed according to the most conservative method described by Greenhouse and Geisser (1959) for unknown variance covariance matrices. Instead of listing all simultaneous comparisons among regions, the 95% confidence limits of each region mean were computed to allow an infer ential assessment of individual interregional differences.
Variances were compared using a paired F test. To reduce the number of sets of regional kinetic constants for ease of future application, all compound topographic units were grouped into an optimum number of homogeneous classes by an iterative partitioning cluster analysis with maximum likelihood criterion (Mardia et aI. , 1979) . Figure 1 shows typical regions of interest on seven transverse PET slices of a healthy volunteer in comparison with corresponding CT images. Sim ilar cross-sectional images were obtained from all subjects, and in all of them major topographical units could easily be outlined. Decay-corrected 18 F accumulation took a distinct time course in each of the selected regions, as demonstrated in Fig. 2 which shows original activity data, as well as fitted curves, in plasma and in some representative brain structures of the same individual.
RESULTS
Summary statistics on the fitted rate constants in 43 topographic regions are listed in Table 1 . Since no significant asymmetries could be detected, data from corresponding regions of the two hemispheres were pooled. For all three k values, variation among subjects was highly significant (p « 0.001) and contributed in variable proportion to the overall J Cereb Blood Flow Metabol. Vol. 4, No.2. 1984 variance. On the average, k2 showed the least scatter both among regions (range 0.1198 min -I in temporal white matter to 0.1472 min -I in dentate nucleus) and, as indicated by small coefficients of variation, among pooled subregions or subjects (range 8.0% in thalamus to 19.9% in cerebral pe duncle). Although interregional differences in k2 were statistically significant (p < 0.05), they ac counted for only 12.3% of the total variation as compared with relative variance components of 34.1 and 52.5% owing to variation among subjects and within regions, respectively. kl' by contrast, was more varied not only among regions (p < 0.001; range 0.0485 min -1 in centrum semiovale to 0.0990 min -I in primary visual cortex) but, to a lesser de gree, also among subjects, with the average coef ficient of variation ranging between 10.6% in vermis and 24.0% in occipital white matter. While the added variance component owing to interregional differences was 58.9%, variation among subjects contributed 24.0%, and within-region variability only 13.7% to the overall variance. The rate of transport from plasma to the tissue precursor pool was quite similar in cerebellum and supratentorial gray matter as opposed to white matter or mixed regions. The largest variation among structures, however, was found for k3 (p < 0,005; range 0.0386 min -I in temporal white matter to 0.0822 min -I in caudate nucleus). Similarly, the average differences between corresponding regions of either hemi sphere and among subjects were most marked for the latter rate constant, resulting in large coeffi cients of variation (range 9.1 % in vermis to 43.5% in cerebral peduncle). Interregional variability of k3 added 36.4%, variation among subjects 26.9%, and within regions 31.6% to the total variance. The phosphorylation rate constant was comparable in posterior fossa structures and in cerebral white matter. Figure 3 shows all 22 average topographic regions in three-dimensional rate-constant space. It also il lustrates the maximum likelihood grouping obtained by cluster analysis, indicating an optimum of four classes of brain regions: one with the lowest kl and k3 comprising all the white matter and brainstem structures; another one with kl values similar to those of cerebral cortex and basal ganglia, but with rather high k2 and low k3 values, formed by cere bellar gray matter and hippocampal structures; a third group including the thalamus and most of the cerebral cortex; and one other, consisting of basal ganglia and the frontolateral and primary visual cortex, distinguished from the third class mainly by somewhat higher values for kl and k3• Some of the metric similarities within each cluster may not be Sokoloff et al. (1977) . Table 2 .
Regional metabolic rates (CMRglu kinetic) cal culated according to Eq. 2 from individually fitted rate constants and pertinent statistics are presented in Table 3 . Although differences between hemi spheres nowhere reached any acceptable level of significance and no preference of any subject(s) for higher glucose consumption on either side could be demonstrated, variation both among individuals (p « 0.001) and regions (p < 0.001) was quite marked. Interregional differences accounted for 74.1% of the total variance as compared with 10.7% contributed by variation among subjects and 10.5% added by within-region variability. In accordance with the relation of kinetic constants described above, the lowest metabolic rates (-17 /J-mol/l00 g/ min) were found in white matter and mixed struc tures of the brainstem, followed by cerebellar gray matter and hippocampal structures (-28 /J-mo1/100 g/min). All other regions exhibited greater meta bolic activity, with maximum values in the cingulate and frontolateral cortex (-41 /J-mo1/100 g/min).
As can be seen in Table 3 , the metabolic rates (CMRglu autoradiographic) determined according to the in vivo autoradiographic model showed a ten dency toward higher values as compared with the kinetic approach. However, differences between the two methods with respect to their regional met abolic averages usually were small and became sta tistically significant in brainstem, oval center, and temporal and parietal cortex only. In all except three regions the scatter of results was significantly larger when standard rate constants were used; i.e., metabolic rates determined by the autoradiographic method were less reliable in almost any individual case. For comparison with the present results, Table  4 shows standardized estimates of regional CMR glu autoradiographic and the respective coefficients of variation recalculated from data published in the literature. Because of the wide range of variation among laboratories and sometimes very small num bers of regions analyzed, particularly in the poste rior fossa, comparison is difficult, but the order of regional glucose consumption as stated above still emerges as a general trend.
DISCUSSION
Rationale and methodology
The operational equation of the deoxyglucose model (Sokoloff et aI., 1977) and its FDG modifi cation (Reivich et aI., 1979) was set up in such a way that influences on CMR g lu estimates of rate constants deviating from the norm determined for cerebral gray and white matter were minimized. Nevertheless, contrary to the findings of others (So koloff et aI., 1977; Phelps et aI., 1979) , data from this study suggest that the reliability of individual rates of glucose consumption, calculated from to mographic activity maps according to the autora diographic method, can be substantially improved by utilizing more than two standard sets of rate con stants, even in normal brain tissue. Uncontrolled variability among subjects and within the same an atomical structures of the same individual is already large enough, and it is further increased by simpli fying assumptions concerning kinetic constants, al though the above-mentioned robustness of the met abolic model may fully apply to average values of a group of subjects because of balancing random effects. Undoubtedly the most accurate results are obtained from dynamic recordings and individually fitted regional rate constants. This approach, how ever, is not only time consuming and requires a fast, highly efficient, high-resolution, multi slice tomo graphic device with proper dead time correction and appropriate computational facilities, but in some patient studies it may not be feasible at all. Ev en scanning periods beyond 40 min in a fixed supine position usually are not well tolerated by neurological patients; therefore, in the present study measurements in volunteers were also re stricted for the same duration. Whenever the ex perimental protocol or the subject examined does not permit continuous recording over prolonged pe riods of time, for optimum accuracy of results it would appear reasonable to use the four described sets of average rate constants. These were deter mined by cluster analysis as being appropriate for all brain regions, including brainstem and cere bellum, in the operational equation of the autora diographic model.
Regional rate constants
Increased reliability of CMRg lu values may not be the only advantage of individually fitting regional rate constants. If the basic assumptions of the three-compartment model of FDG turnover in the brain are sound, accumulation data are not too scat tered, and an advanced fit algorithm is employed, this procedure may very well yield relevant infor mation on regional characteristics of the physiolog ical processes described by those kinetic constants. One of the most unexpected findings of this study was the narrow range of variation, among both re gions and individuals, of the rate constant repre senting the transport kinetics of free FDG from tissue to plasma. This observation is in contrast with data published by Phelps et al. (1979) and Huang et al. (1980) , who found coefficients of vari ation among subjects for k2 of 50.8 and 40.4% in cerebral gray and white matter, respectively, and by Friedland et al. (1983) , who found a coefficient of variation in cerebral cortex of 31.8%. Discrep ancies may be largely explained by differences in the fitting procedure, such as start-of-fit time and duration, particularly for the initial runs. The present results indicate a loose, albeit significant, correlation (r = 0.56; P < 0.05) between k 2 and CMR glu across the entire brain, a somewhat closer correlation of k 2 with k l (r = 0.79; p < 0.001), but no significant association of k 2 with k 3 (r = 0.33; p > 0.1). The rate constant characterizing the kinetics of FDG transport from plasma into tissue, and to an even larger extent the rate constant for FDG phosphorylation, varied widely among regions in accordance with the functional activity and com plexity of organization of the respective structures. Intersubject variation, however, was again consid- erably less than that described by Phelps et al. (1979) and Huang et ai. (1980) (coefficients of vari ation of their data: kl' gray 27.5%, white 25.9%; k3' gray 30.6%, white 42.2%) and by Friedland et al. (1983) (coefficients of variation in cerebral cortex: kl' 17.1 %; k3' 29.5%). Corresponding to the density of the neuropil, microvascular bed, and level of blood flow and metabolism, both kl and k3 were consistently higher in supratentorial gray compared with mixed or white matter structures. A striking disparity, however, was noted in cerebellar gray matter, where k3 staye. d within the range of white matter values while kl was rather high, suggesting a wide safety margin of transport systems with re spect to metabolic demand at rest. Accordingly, when all analyzed brain regions are considered, kl and k3 show only a poor correlation (r = 0.59; p < 0.05), whereas both rate constants appear closely correlated with CMR glu (k 1 , r = 0.88; k3' r = 0.90; p « 0.001). Comparable correlations between glu cose influx and phosphorylation were reported in rats (Cremer et aI., 1981; Hawkins et aI., 1983a) .
In both studies considerable differences in CMR glu and glucose influx rates among various brain struc tures were observed. Another interesting finding is the obvious similarity in kinetic constants of gray matter structures supplied by the carotid arteries, on the one side, and by the vertebrobasilar system, on the other, e.g., hippocampal formations and cer ebellum.
The mean values of regional rate constants de termined in this study are in good agreement with the averages found in Phelps et ai. (1979) and Huang et ai. (1980) for cerebral gray (kl = 0.102, k 2 = 0.130, k 3 = 0.062 min -I) and white (kl = 0.054, k 2 = 0.109, k 3 = 0.045 min-I) matter in single transaxial slices across the upper level of the basal ganglia of 13 normal volunteers. Minor differences are easily explained by the fact that those authors also fitted k 4 to account for dephosphorylation during prolonged recording periods. Much higher values, however, were reported for the entire ce rebral cortex by Friedland et ai. (1983) (kl = 0.131, k 2 = 0.225, k 3 = 0.106 min-I), who took measure ments at very short scanning intervals for 45 min from a mid ventricular slice in five healthy, aged subjects. Using other pertinent data presented by those authors and a value of 0.42 for the lumped constant, an estimate of 54.9 f.Lmol/l00 g/min is obtained for cortical CMR g lu, which exceeds the range of published metabolic rates (Table 4 ). Dis crepancies with kinetic constants determined by the [ ll C]deoxyglucose method (Reivich et aI., 1982) much higher k 2 and somewhat higher k3 values in gray matter and much higher k3 and somewhat lower k 2 values in white matter compared with FDG-may be indicative of slightly different affin ities of the two glucose analogs for facilitated dif fusion and for hexokinase. Of course, differences in experimental and computational procedures may also play a role. If in the curve fitting of this study a fixed k 4 of, say, 10% of the average k3 had been used, a small compensatory increase in k3 and an increase in regional CMR glu kinetic by -6% would have ensued. However, in view of the uncertainties as to the true value of the lumped constant in hu mans, which itself is partly determined by k 4 (Huang et aI., 1980) , any consideration of an arbi trary k 4 value appeared unwarranted.
Regional CMR glu
As described by Hoffman et aI. (1979) , there is a direct relationship between the spatial resolution of a tomographic device and the identification of neu roanatomical structures in FDG-PET. Reported re gional CMRglu values in normal volunteers are sum marized in Table 4 . At a FWHM and slice thickness of 17 mm (Mark IV scanner), major cerebral cor tical and white matter regions as well as the basal ganglia and thalamus could be distinguished in two normal volunteers, and in one case the cerebellum was also studied (Reivich et aI., 1979) . With an ECAT positron tomograph (in-plane FWHM 17 mm; axial 18 mm) values for supratentorial struc tures were obtained by Kuhl et aI. (1980) in eight young male controls. Alavi et aI. (1981) employed the PET III whole-body tomograph (FWHM 17 mm) to estimate metabolic rates in five cortical re gions of both cerebral hemispheres of six young male and four elderly normal subjects. U sing the ECAT II (FWHM 16 mm; slice thickness 18 mm), averages of CMRglu in several principal areas of the cerebral cortex, basal ganglia, thalamus, corpus cal losum, and oval center were determined from a comprehensive set of brain tomograms in seven normal young men (Mazziotta et aI., 1981a) . Pos terior fossa values were obtained from two images only. With the same tomographic system Kuhl et aI. (1982) examined 40 adult volunteers of all ages and reported somewhat lower average CMRglu values in supratentorial structures, without signifi cant differences between males and females. Em ploying the NeuroECAT (FWHM 8.3 mm; axial res olution 13.4 mm), Hawkins et aI. (1983b) described metabolic findings for the basal ganglia, thalamus, and white matter in four control subjects. Other studies with the ECAT II provided confirmatory in formation on glucose metabolism in eight cerebral gyri, caudate nucleus, thalamus, and oval center of 40 healthy men of all ages and on larger circular supratentorial gray matter re-J Cereb Blood Flow Metabol. Vol. 4, No.2, 1984 gions of seven controls (Rougemont et aI., 1983) ; a more detailed table of regional CMRgl U averages in 18 healthy male volunteers was presented by Schwartz et aI. (1983) . Discrepancies among the re ported data most likely reflect various combinations of differences: (1) among groups of subjects as to their physiological and psychological "normal resting state"; (2) in the physical characteristics of the tomographic equipment used; and (3) in the def inition of regions of interest.
As expected from theoretical considerations and simulation studies (Mazziotta et aI., 1981b) , the im proved spatial resolution (FWHM 7-8 mm; actual slice thickness 11 mm) of our multi slice PET system (Eriksson et aI., 1982) permitted assessment of CMRglu in a considerable number of central nervous system structures with acceptable partial volume errors. According to the error diagrams of Maz ziotta et aI. (1981b), in the cortex (which, owing to its thickness of 2-4.5 mm, cannot be resolved without significant partial volume effects by any PET system presently in operation) regional CMRglu was underestimated by 8-35%, whereas es timates for large deep circular structures (e.g., thal amus and basal ganglia) might be too low by 6-18%. Because of additional shape effects and espe cially unfavorable structure-to-voxel volume ratios, the most severe underestimation probably occurred in irregular posterior and basal gray matter regions. White matter structures, by contrast, suffered an overestimation of CMRglu by -10-30% owing to partial volume influences of adjacent gray matter and, to a lesser degree, underestimation by partial volume effects from cerebrospinal fluid space. All those errors, however, were considerably smaller in the data from this study than in other reported results; therefore, the improved spatial resolution is also reflected in a higher gray-to-white matter ratio of CMRglu (-2.5) compared with previous obser vations (Table 4) .
Despite all the physical limitations still inherent even in an advanced PET system, the regional CMR g lu in normal subjects could be determined re liably for several important structures in addition to those measured previously. Of particular interest are the normal values for formations in the posterior fossa, which differ from supratentorial structures in both morphology and function. Es timation of CMRglu in these structures and their individual right/left differences also is crucial for studies of the remote effects caused by lesions in other parts of the central nervous system. Although autoradiog raphy has a better spatial resolution (0.1 mm) and is practically unbiased by partial volume effects, variations among cerebral, cerebellar, and brain-stem metabolic rates in humans are similar to those reported from autoradiographic studies with [ 1 4 C]deoxyglucose in the rat (Sokoloff et al ., 1977) , the cat (Ginsberg et aI ., 1977) , and the monkey (Kennedy et al., 1978) . Because of large species dif ferences, however, absolute values cannot be com pared, and so far no other method can match PET in its unique capability for providing information on temporal changes in local tracer concentrations within individuals.
